The control of insect pests using parasitoids and carnivores has been successfully applied in protected cropping systems, orchards and forestry. Their success in annual ¢eld crops has been more limited due largely to the di¤culties of attracting and maintaining a su¤cient density of parasitoids in the crop before the levels of the insect herbivores become economically damaging. Parasitoids are known to be attracted to host-plant volatiles; thus, manipulating the host-plant chemistry may provide a means of enhancing the attraction of parasitoids to their prey. In this study we describe the di¡erential attraction of the braconid wasp Diaeretiella rapae to two near-isogenic lines of Brassica oleracea which di¡er in a gene which alters the chemical structure of the isothiocyanates which are emitted following tissue damage. We demonstrate that, by enhancing the production of but-3-enyl isothiocyanate in B. oleracea and Brassica napus (oilseed rape), we can increase the attraction of D. rapae to these plants under standard ¢eld conditions.
INTRODUCTION
The braconid wasp Diaeretiella rapae (M'intosh) (Hymenoptera: Aphidiinae) parasitizes the woolly cabbage aphid Brevicoryne brassicae (L.) (Homoptera: Aphididae), greatly reducing its reproductive capacity and eventually killing it (Mackauer & Kambhampati 1984) . Wasps are frequently observed foraging on apparently aphid-free Brassica plants and closer inspection of these plants often reveals single aphid mummies (pupating wasps inside the sclerotinized bodies of their dead aphid hosts) suggesting that early wasp foraging may be important in preventing the establishment of aphid colonies.
The attraction of parasitoids has been shown to be determined in many systems by a wide variety of chemical cues acting at di¡erent spatial and temporal scales. For example, contact kairomones from the cuticle, cornicle secretion and aphid honeydew have been shown to be important in the short-range location of aphids by parasitoids on individual plants (Ayal 1987; Powell et al. 1998) , while long-range cues may involve plant volatiles and volatiles generated by plant^herbivore interactions. Amongst these long-range cues are the`green leaf ' volatiles (largely forms of hexenal and hexenol; Turlings et al. 1998) which are released almost immediately after tissue damage and various terpenoids which have been shown to be synthesized de novo and then released systemically within a few hours (Rose et al. 1996; Alborn et al. 1997; Turlings et al. 1998) . These terpenoids also show diurnal cycles for several days after damage (McCall et al. 1994) and have been shown to be highly attractive to species of parasitic wasp at this time (Turlings et al. 1995; Agrawal 1998; De Moraes et al. 1998; Rose et al. 1998) .
The production of terpenoids and green leaf volatiles is widespread in the plant kingdom, but many groups of plants also produce volatiles speci¢c only to their taxon. Insect herbivores which are specialized in feeding on these groups have been shown to use these chemicals as attractants and feeding and oviposition stimuli (Visser 1986) . Thus, it is likely that the parasites of these insects will also have evolved to use these chemicals as cues to ¢nd their hosts.
Isothiocyanates (mustard oils), which are formed after tissue damage by glucosinolates (Chew 1988) , are one example of taxon-speci¢c volatile chemicals, being found in Brassica and related genera. They have been shown to attract specialist herbivores to Brassica (Chew 1988 ) and several studies have suggested that they play an important role in the attraction of D. rapae to Brassica plants (Reed et al. 1985; Titayavan & Altieri 1990; Vaughn et al. 1996) . It has been shown that the total amounts and side-chain structures of these glucosinolates and isothiocyanates are largely under genetic control (Love et al. 1990; Magrath et al. 1993; Parkin et al. 1994; Mithen et al. 1995a; Toroser et al. 1995; Campos de Quiroz & Mithen 1996) and that they may be under selection pressure in di¡erent plant populations from generalist and specialist herbivores (Mithen et al. 1995b) In this study we investigated the role of isothiocyanates in the attraction of D. rapae to Brassica. It is likely that the wasps are attracted to an array of plant volatiles of which isothiocyanates are only one component. Therefore, in order to study the role of the isothiocyanates in the context of this array of volatile infochemicals, we adopted a novel, primarily plant-genetic approach. We compared the attraction of D. rapae to two near-isogenic lines of Brassica oleracea which show allelic variation at a single locus which controls the structure of the isothiocyanates produced. Having shown the preferential attraction of D. rapae to experimental (`non-agronomic') B. oleracea lines which produce but-3-enyl isothiocyanate, we proceeded to test whether this preferential attraction could be demonstrated in a commercial crop. Using novel breeding lines of oilseed rape we showed that wasp attraction and aphid parasitism is greater on lines of Brassica napus which produce elevated levels of but-3-enyl isothiocyanate. Bradburne et al. (1999a) . The double haploid (DH) B. napus lines originated from a synthetic amphidiploid produced from a cross of B. oleracea var. atlantica and a wild Brassica rapa. This was successively backcrossed to the oilseed rape cultivar Cobra and to a breeding line provided by CPB-Twyfords as described in Bradburne et al. (1999a) . Plants were selected for high levels of but-3-enyl glucosinolate in their leaves and low total seed glucosinolates at all stages of the breeding programme as described in Magrath et al. (1993) . Three of these DH lines were selected for comparison with the cultivar Apex.
METHODS

(a) Plant material
(b) Wasp culture
Wasps were captured as adults and mummi¢ed aphids on B. napus plants from the ¢eld sites under study each year. They were reared for at least six generations in cages within glasshouses in B. brassicae aphids also captured from the ¢eld. All aphids were feeding on glasshouse-grown oilseed rape cultivar Topas except for those used in experiment B in the olfactometer tests. In that experiment, aphids were grown on either of the near-isogenic B. oleracea lines and the wasps reared for three generations on aphids feeding from a single line before being used in the olfactometer tests. To maintain a broad genetic base, new wasps were introduced into the stock colony whenever they could be captured from ¢eld sites.
(c) Analysis of glucosinolate and volatile production
Leaf material was collected from six-month-old B. oleracea plants grown under glasshouse conditions and analysed for glucosinolates as described in Magrath et al. (1993) . Leaf material from the B. napus lines was collected from ¢eld-grown plants in March 1998 and treated in the same way as the B. oleracea material.
0.1g freeze-dried leaf material was hydrated in a 5 ml vial. The volatiles produced were collected onto a solid phase micro extraction (SPME) probe (0.2 mm polydimethylsiloxane, Supelco Inc., Bellefonte, PA, USA) for 3 min and then £ash loaded onto an HP5 column in a Hewlett-Packard gas chromatograph^mass spectrometer (GCMS). This column was then heated to 250 8C over 10 min to separate out the volatile peaks (Faulkner et al. 1998 ).
(d) B. oleracea ¢eld trials
Seed trays of 15 plants at the ¢rst true leaf stage were placed between lines of B. napus plants at New Found Farm, Norfolk. Three lines of each genotype were used in 1996 and two lines in 1997. These were placed in a random block design with three replicates each year. Preliminary studies had shown that the wasps were easy to observe on the B. oleracea lines at 14.00. To avoid complications due to the diurnal rhythms of either the wasps or plants (as shown in Loughrin et al. (1994) ), the number of wasps present on the plants was observed each day at 14.00 for ¢ve days during the experiment to take account of daily variations.
(e) B. napus ¢eld trial
Plots (15 m 4 m) were drilled at Otleigh, Su¡olk, in a fourreplicate checkerboard design of three DH oilseed rape lines alternating with plots of the cultivar Apex. There was a 0.5 m unsown strip separating each plot and a 3 m unsown strip down the centre of the trial. Plants were grown under standard agronomic conditions within a ¢eld of Apex and were sprayed against fungal diseases and £ea beetles in 1997, but were not sprayed in 1998.`Dry stick' yellow traps (10 cm 25 cm) (Koppert UK Ltd) were suspended 20 cm above the crop canopy and 3 m from the end of each plot. These were collected after one week and the wasps and aphids identi¢ed and counted. The ¢rst experiment (21 April 1998) used a single trap above each of the plots and the second experiment (19 June 1998) used one at either end of each plot.
To measure the levels of aphid parasitism occurring on each of the lines, two large, disjunct aphid colonies (415 cm of in£or-escence covered by aphids) were picked from each DH plot and one from each of the Apex plots on 28 April 1998. The number of mummies present in the central 3 cm of each aphid colony was counted before placing a less than 11cm section of each in£orescence, which was completely covered, by aphids in a 50 ml centrifuge tube sealed with muslin and leaving it at room temperature for one week. The wasps that emerged after this time were etherized and counted. 
(f ) Olfactometer tests
Freeze-dried, ¢nely ground plant material (0.1g), as used in the glucosinolate and volatile analyses, was placed in 5 ml vials and these were placed inside 500 ml conical £asks. The leaves were hydrated in 1ml sterile distilled water and air passed over them and into either end of a glass T piece (internal diameter 8 mm). The air £ow was set at 0.3 l min 71 which is equivalent to a wind speed within the T piece of 0.07 m s
71
. Female wasps were caught from the rearing cage while actively foraging amongst aphids on the host plant and introduced into the olfactometer. They were allowed to settle for 2 min before the air £ow was turned on. The side of the T piece in which the wasps were foraging was observed at 10 s intervals for 3 min. To correct for side biases in the apparatus, the experiment was immediately repeated with the stimuli reversed after £ushing the apparatus through with clean air. The total time spent in the side containing a particular stimulus was recorded. Wasps were only used once and the apparatus was cleaned out with 70% ethanol between runs.
The choices given in each experiment are listed below. 
RESULTS
(a) B. oleracea experiments (i) Test of near isogenicity
Thirty-two out of the 340 RFLP loci scored (9.35%) were polymorphic between the two selected lines. Out of these, 14 (4.24%) were on the same linkage group as GSL-ELONG, while 18 (5.11%) mapped elsewhere in the genome. Thus, the amount of genetic variation observed between the two lines, apart from those loci linked to the GSL-ELONG locus, agrees well with the 96.875% homozygosity predicted for the F 5 generation.
(
ii) Glucosinolate and volatile analysis
Homozygotes for the B. atlantica GSL-ELONG 3C allele (as con¢rmed by RFLP analysis) contained 4 99% prop-2-enyl glucosinolate, whereas homozygotes for the B. oleracea var. alboglabra GSL-ELONG 4C allele contained 70% but-3-enyl glucosinolate and 30% prop-2-enyl glucosinolate (table 1) . There were no di¡erences in glucosinolate pro¢le between di¡erent plant lines with identical GSL-ELONG alleles and the total glucosinolate levels were not a¡ected by the GSL-ELONG allele as reported previously in Giamoustaris (1995) .
GCMS analysis of the freeze-dried leaf material showed that isothiocyanates made up ca. 95% of the volatiles detected, the remaining 5% consisting of`green leaf volatiles', i.e. short-chain fatty acid derivatives such as E-hexanal as reported previously (Turlings et al. 1998) . The proportions of but-3-enyl and prop-2-enyl isothiocyanate closely matched those found in the glucosinolate pro¢les of the two lines (table 1).
(iii) Field trials
Although no aphid colonies were found on the plants of either genotype in both 1996 and 1997, there were large di¡erences in the numbers of D. rapae foraging on the di¡erent genotypes (¢gure 2). The results suggest that female D. rapae are more attracted to B. oleracea plants producing but-3-enyl glucosinolate than those with prop-2-enyl glucosinolate in their leaves. ANOVA analysis of the 1996 data showed no di¡erence between lines possessing the same GSL-ELONG allele for either the GSL-ELONG 
(iv) Olfactometer tests
Experiment A showed that the wasps were strongly attracted to both genotypes of B. oleracea when each was presented individually (¢gure 3a). However, experiment B showed that, when given the choice between the two genotypes, 95% of the wasps preferred the but-3-enyl isothiocyanate-producing line of B. oleracea (¢gure 3b).
Experiment C showed that, regardless of which line the wasps had been reared from, there was no di¡erence in their response (ANOVA, Fˆ0.01, d.f.ˆ19 and pˆ0.93) to the near-isogenic B. oleracea lines. When given the choice between the two lines, the majority of the wasps in both cases preferred the but-3-enyl isothiocyanate-producing line (¢gure 3c).
(b) B. napus experiments (i) Glucosinolate and volatile analysis
The three DH lines of B. napus that were planted out in the ¢eld trial of 1998 all had elevated levels of but-3-enyl glucosinolate in their leaves, although the total levels of leaf glucosinolates were the same as the standard cultivar Apex (table 2) .
As in the B. oleracea experiments, the major volatiles detected from these plants were isothiocyanates in ratios corresponding to the ratios of the di¡erent glucosinolates found in the leaves. In addition, smaller amounts of epithionitriles (between 5 and 35% of the total volatiles produced from each glucosinolate) were detected, although the levels of these were far more variable than the isothiocyanates.
The F3210 212 line produced far higher levels of volatiles than any of the other lines. Under identical hydrolysis conditions, it produced over 125 times the levels of but-3-enyl isothiocyanate that Apex produced. The other two lines produced amounts in proportion to the levels of glucosinolate found in their leaves. All lines of B. napus were shown to produce much lower levels of volatiles in total than the B. oleracea lines. Even the B. napus line F3210 212 produced volatile levels ten times lower than those produced by the GSL-ELONG 4C B. oleracea lines under identical hydrolysis conditions.
(ii) Field trials
The data from both trapping times showed a large amount of variation in wasp number in both the Apex and DH lines. The data were not distributed normally (Anderson^Darling normality test for May, A
2ˆ1
.063, nˆ21 and p(normal) 5 0.01, and for June, A 2ˆ1 .774, nˆ47 and p(normal) 5 0.001) and so the non-parametric Kruskal^Wallis test was used instead of ANOVA and medians are quoted instead of means. A greater number of wasps were caught on insect traps suspended over the high but-3-enyl glucosinolate DH lines than over the standard cultivar Apex both in late May (¢gure 4a) (DH median 4.5 wasps per trap and Apex median 2.0 wasps per trap) and at the end of June when the numbers of parasitoids had increased considerably (¢gure 4b) (DH median 24 wasps per trap and Apex median 14 wasps per trap). All wasps caught at both of these sampling times were female.
There was no di¡erence in the number of aphids trapped over the di¡erent plots at either of the sampling times. In May there was a mean of 16.8 ( centimetre of aphid colony), this was not a signi¢cant increase (Kruskal^Wallis, Hˆ3.12 and pˆ0.08) due to the large amount of variation observed. The aphid colonies collected from the DH plots at the end of May showed signi¢cantly greater numbers of wasps emerging from the DH lines (median 9.5 wasps per centimetre of aphid colony) than were found in colonies from the Apex plots (median 3.5 wasps per centimetre of aphid colony) (¢gure 4c). The data were not distributed normally (Anderson^Darling normality test, A 2ˆ1 .579, nˆ34 and p(normal) 5 0.001) and there was much variation in the numbers of wasps observed (see ¢gure 4c), which made parametric statistical analysis of the data inappropriate.
(iii) Olfactometer tests
Experiment D showed that the majority of wasps preferred line F3210 212 over the cultivar Apex (¢gure 3d ). Overall, far fewer wasps showed a signi¢cant preference for either line, in contrast with the B. oleracea olfactometer tests (¢gure 3a^c).
DISCUSSION
It is likely that D. rapae locates its aphid hosts through the use of a complex mixture of chemical cues which are generated by the aphid, the plant host and by the plantâ phid interaction. In our study, we have not sought to elucidate the composition of this volatile mixture, but just to study the e¡ect of one component, the isothiocyanates. We have done this through the use of near-isogenic lines of B. oleracea which vary in isothiocyanate production but are otherwise genetically uniform. This approach di¡ers from comparisons between cultivars which are often genetically and biochemically diverse (as in Elzen et al. 1986) and from the use of synthetic or puri¢ed plant compounds which are presented to insects as a single compound (Vaughn et al. 1996) as opposed to being one component in a volatile array.
Our study con¢rms the role of isothiocyanates as attractants of D. rapae, as shown previously (Titayavan & Altieri 1990; Vaughn et al. 1996) , but demonstrates that wasps are preferentially attracted to but-3-enyl isothiocyanate and/ or glucosinolate-containing plants, even in the absence of aphids. We expect that isothiocyanates are one of several components in a volatile array emitted by Brassica plants. This is supported by previous work which demonstrated that synthetic prop-2-enyl isothiocyanate does not give the same level of response as extracts from intact B. oleracea plants, suggesting that there are other important cues used by the wasp to locate its hosts (Vaughn et al. 1996) .
However, the importance of isothiocyanates is that both their levels and structure can be altered through plant breeding (and possibly genetic modi¢cation) enabling the development of Brassica cultivars with enhanced parasitoid attractiveness. Di¡erences in the parasitism of B. brassicae by D. rapae have been observed on di¡erent B. oleracea cultivars in the ¢eld (Gowling & Van Emden 1994) selected for di¡erences in aphid resistance, although the mechanism of this resistance and increase in parasitism was not examined. We have shown di¡erential attraction and parasitoid activity having selected for a speci¢c volatile chemical, in this case using agronomically acceptable lines of B. napus producing enhanced levels of but-3-enyl glucosinolate. While in these experiments we do not compare near-isogenic lines and other biochemical di¡erences may occur between the lines, the increase in both the frequencies of wasps caught in the traps and in the greater amount of parasitism of aphids supports our thesis about the importance of but-3-enyl isothiocyanate in wasp attraction.
There is much debate as to the importance of life history and learning in di¡erent parasitoid species. Although other species have been shown to exhibit substantial chemosensory conditioning (Grasswitz & Paine 1993) , there is con£icting evidence for the importance of learning in host-plant recognition in D. rapae (Sheehan & Shelton 1989; Vaughn et al. 1996) . In Diaeretiella rapae attraction to Brassica R. P. Bradburne and R. Mithen this study a lack of behavioural plasticity in attraction to particular isothiocyanates was seen. Wasps reared for three generations on prop-2-enyl glucosinolate containing lines of B. oleracea still exhibited a preference for but-3-enyl isothiocyanates in the olfactometer experiments, suggesting an innate preference for this isothiocyanate (although further work with wasps with manipulated life histories as in Poppy et al. (1997) and Van Emden et al. (1996) would be useful to con¢rm this). This contrasts with experiments with other parasitoid species in which very short conditioning times or just one generation on a di¡erent host plant are required to change a wasp's response to certain volatile cues (Grasswitz & Paine 1993; Van Emden et al. 1996) . It is likely that the relative importance of innate versus conditioned or learned responses will vary considerably between parasitoid species and may re£ect aspects of their behaviour and host range (Vet & Dicke 1992) .
The reduction in the rates of clear preference shown in the B. napus olfactometer experiment could have several causes. First, the levels of isothiocyanates in the apparatus were much lower than in the experiments with B. oleracea due to the much lower volatile production of B. napus. In addition, the occurrence of other breakdown products from the but-3-enyl glucosinolate would have further reduced the isothiocyanate levels. The glucosinolatederived volatile spectrum of B. napus is far more complex than that of the B. oleracea plants used (Bradburne et al. 1999b) and it is possible that, as the B. napus lines compared were not near isogenic, there will also have been di¡erences in other volatile chemicals not detected by the SPME probe. The more complex mixture of volatile cues within the apparatus may therefore have made the wasps less sure of their choice than in the B. oleracea experiments.
Whether this response will be the same across all populations of D. rapae is not addressed in this study. This species exhibits substantial genetic variation within the agroecosystems in Central Europe, particularly in populations parasitizing B. brassicae (Nemec & Stary 1984) . The introduction of new females from ¢eld sites throughout East Anglia was used to maintain a broad genetic base to the population of wasps under study, as previous studies have highlighted the importance and di¤culties of maintaining population diversity in caged parasitoid populations (Mackauer 1972; Unruh et al. 1984) . However, all the wasps were collected from ¢elds of oilseed rape and this may have in£uenced the population of wasps under study. Further work on disjunct populations from di¡erent host plants and aphids will be needed to clarify whether the preference seen in this study is true for all populations of this widely distributed parasitoid.
This study suggests several areas of future research. From an agricultural perspective, breeding crops for increased attractiveness to natural enemies of insect herbivores is an intriguing possibility. The studies described in this paper with oilseed rape lines are relatively crude; assessing wasp numbers above di¡erent genotypes with plastic sticky traps is not ideal as, for example, it takes no account of the diurnal rhythms of volatile production or odour plumes. Likewise, the di¡erences in aphid parasitism are undoubtedly due to many factors. For example, the increase observed in the high but-3-enyl isothiocyanate DH lines could be due to increased numbers of wasps foraging in these plots, an increase in the rates of attack or oviposition by wasps or even increased time spent foraging within aphid colonies (Stapel et al. 1997) . Dissection of the factors responsible for the increase in wasp numbers will involve detailed behavioural studies and is beyond the scope of the present study. From an evolutionary biology perspective, the demonstration that alteration of alleles at a single locus in B. oleracea can a¡ect its attractiveness to a parasitoid of a frequent insect herbivore is of considerable interest. It is particularly pertinent in this case as the GSL-ELONG locus has been shown to be polymorphic within and between wild populations of B. oleracea in Dorset and population genetic studies have suggested that this polymorphism may be maintained via selection by di¡erential herbivory (Mithen et al. 1995b) . The demonstration of a role for this locus in parasitoid attractiveness adds another layer of complexity to the multispecies interactions which occur in these plant communities and which are mediated by glucosinolates and their degradation products.
